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\ SUMMARY 

J A simple  method  of  adapting  a wind  tunnel  Schlieren  system  for  interferometry  is 
described.  This  new  interferometer  arrangement  employs  a laser  light  source,  a lens  which 
splits  off  the  reference  beam  after  test  beam  expansion  and  a lens  and  Lloyd  mirror  to  re- 
combine the  two  beams.  The  reference  beam  passes  through  the  test  section  but  is  contracted 
to  a narrow  waist  and  displaced  well  away  from  the  model  location. 

The  proposed  design  combines  a number  of  favourable  characteristics  which  render  it 
particularly  useful  for  wind  tunnel  tests.  These  characteristics  include:  simplicity,  optical 
robustness,  low  vibration  sensitivity,  modest  coherence  requirements  and  ease  of  interfero- 
gram  analysis.  The  main  disadvantage  is  that  slightly  less  than  half  of  the  total field  of  view 
can  be  recorded  on  a single  interferogram. 

Interferograms  obtained  from  tests  on  a prototype  instrument  based  on  a Schlieren 
system  of  low  mechanical  rigidity  are  presented.  Also  included  is  a comparison  between 
aerofoil  pressure  distributions  obtained  by  direct  measurement  and  by  interferogram 
analysis.  f\ 
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c Chord  of  aerofoil  model 

M Tunnel  Mach  number 

R Reynolds  number  (based  on  r) 

P Static  pressure 

H Free  stream  total  pressure 

.v  Chrodwise  co-ordinate 

« Angle  of  incidence 


I.  INTRODUCTION 


Before  lasers  became  readily  available  schlieren,  shadowgraph  anil  interferometric  methods 
of  optical  (low  visualisation1'-  had  been  widely  used  in  transonic  and  supersonic  wind  tunnels. 
Schlieren  and  shadowgraph  systems,  which  are  sensitive  to  the  first  and  second  derivatives  of 
density  respectively,  require  relatively  simple  optical  arrangements  and  give  results  which  are 
excellent  for  qualitative  use  but  are,  in  general,  unsuitable  for  quantitative  analysis.  Conven- 
tional interferometers,  which  are  sensitive  to  density  directly,  require  optical  arrangements  of 
extreme  accuracy  and  stability  and  give  results  which  are  good  for  qualitative  use  and  well 
suited  for  quantitative  analysis. 

The  increased  availability  of  lasers  with  very  high  spatial  and  temporal  coherence  has  made 
possible  a number  of  new  interferometer  arrangemet  ts  which  were  impractical  with  conventional 
thermal  light  sources.  In  particular  a number  of  interferometer  designs  based  on  a conventional 
schlieren  optical  system  have  been  proposed  and  a comprehensive  review  of  these  arrangements 
is  presented  in  Reference  .V  The  potential  importance  of  a practical  interferometer  involving 
only  minor  changes  to  a schlieren  system  is  great  since  many  of  the  transonic  and  supersonic 
tunnels  in  the  world  are  already  titled  with  schlieren  systems  while  few  have  interferometric 
capabilities. 

In  this  note  a new  schlieren  based  interferometer  design  is  described  which  is  believed  to 
have  characteristics  which  render  it  suitable  for  many  practical  wind  tunnel  applications.  The 
results  of  tests  with  a prototype  based  on  the  ARL  transonic  wind  tunnel  schlieren  system  are 
also  presented. 


2.  REQUIREMENTS  TOR  INTERFEROMETERS  BASED  ON 
SCHLIEREN  SYSTEMS 

The  main  points  to  be  considered  when  selecting  a laser  interferometer  arrangement  based 
on  a schlieren  system  arc: 

(i)  The  mechanical  rigidity  and  vibration  isolation  of  most  existing  schlieren  systems  are 
vastly  inferior  to  the  standards  required  for  traditional  interferometer  designs.  Any 
interferometer  design  based  on  a schlieren  system  must  be  very  insensitive  to  vibration 
if  it  is  to  have  wide  application. 

The  vibration  sensitivity  of  an  interferometer  appears  to  be  primarily  dependent 
on  the  separation  between  the  test  and  reference  beams.  Interferometers  with  widely 
separated  beams  such  as  the  traditional  Mach  Zehnder  and  Twyman  Green  designs' - 
are  extremely  vibration  sensitive.  The  minimum  vibration  sensitivity  is  exhibited  by 
beam  shearing  interferometers"  where  each  part  of  the  test  beam  interferes  with  an 
adjacent  part  of  the  same  beam. 

(ii)  To  be  useful  for  wind  tunnel  applications  an  interferometer  must  produce  an  interlero- 
gram  which  is  easily  analysed  to  obtain  density  and  hence  the  other  (low  variables  at 
any  desired  locations  in  the  flow.  Traditional  designs  with  separate  reference  and  test 
beams  meet  this  requirement  since  the  fringe  shift  is  directly  related  to  the  density  at  a 
particular  point  in  the  flow.  Except  for  very  small  tunnels  where  the  whole  schlieren 
system  is  mounted  on  a single  rigid  base  the  use  of  separate  reference  beams  in  schlieren 
based  systems  is  precluded  by  vibration  sensitivity  problems,  l or  this  reason  in  all 
practical  schlieren  based  interferometer  designs  both  the  test  and  reference  beams  pass 
through  the  tunnel  test  section  and  the  fringe  shifts  are  related  to  the  density  difference 
between  two  points  in  the  flow.  There  are  two  cases  where  such  interferograms  are 
relatively  easily  analysed. 

Firstly,  if  the  reference  beam  has  a very  small  diameter  when  it  passes  through 
the  test  section  the  w hole  reference  beam  can  be  regarded  as  being  subject  to  a constant 
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density  which  if  necessary  can  be  measured  with  a pressure  probe.  In  this  case  the 
resulting  interferogram  can  be  analysed  in  the  same  way  as  a traditional  separate  beam 
interferogram.  I he  second  type  of  interferogram  which  can  be  easily  analysed  is 
obtained  from  a beam  shearing  interferometer  with  a small  shear  distance.3  In  this 
type  of  interferometer  the  test  and  reference  beams  are  effectively  slightly  displaced 
parts  of  the  same  beam  and  the  fringe  shifts  are  related  to  local  density  gradients. 
These  gradients  can  be  integrated  from  points  of  known  density  to  obtain  the  density 
at  arty  desired  point  in  the  flow  All  other  interferometer  types3  such  as  those  employing 
large  lateral  shear,  lateral  inversion,  angular  shear  or  linear  compressive  shear  give 
interferograms  which  are  difficult  to  analyse 

(iii)  Transonic  flows  are  often  very  unsteady  and  experience  has  shown  that  exposure 
tunes  of  the  order  of  Ip  second  are  necessary  to  obtain  sharp  unblurred  flow  visual- 
isation pictures.  To  produce  interferograms  at  these  short  exposure  times  using  normal 
photographic  films  a continuous  laser  of  at  least  1 watt  or  a Q switched  solid  state 
laser  is  required  The  optics  of  any  practical  interferometer  must  therefore  be  sufficiently 
robust  to  avoid  damage  from  either  of  the  above  laser  types. 

In  practice  this  requirement  precludes  the  use  of  di  fraction  gratings  or  cemented 
optical  components  near  focal  points. 

<iv>  Because  the  main  features  of  a compressible  flow,  such  as  the  occurrence  of  shock 
waves  and  boundary  layer  separations,  are  more  clearly  shown  by  schlieren  pictures, 
than  by  interferograms.  both  systems  should  be  available  as  they  are  complementary 
to  one  another.  In  view  of  this  requirement  it  is  desirable  that  only  minor  alterations 
to  the  schlieren  optical  system  be  required  to  produce  the  interferometer  so  that  changes 
between  the  two  systems  can  be  made  quickly  and  easily. 


3.  preliminar>  investigation  ok  existing  designs 

When  the  published  schlieren  based  interferometer  designs3  are  considered  in  the  light  of 
the  requirements  listed  in  the  previous  section  it  is  evident  that  most  of  them  can  be  eliminated 
from  serious  consideration  for  practical  wind  tunnel  applications.  Overall  the  most  promising 
arrangements  appear  to  be  the  reflection  plate  beam  shearing  designs  described  originally  in 
References  4 and  5.  Of  the  two  the  Murty  fanner  design  of  Reference  4 is  the  simpler  and  since 
it  has  no  obvious  disadvantages  it  was  selected  for  more  detailed  investigation.  Using  the  ARL 
transonic  wind  tunnel  schlieren  system  (described  in  Appendix  A)  as  a basis,  a Murty-Tanner 
interferometer  was  constructed  and  tested  (Appendix  B).  The  main  conclusions  from  these 
tests  are  . 

(i)  Laser  interferometers  based  on  schlieren  systems  can  give  good  quality  interferograms 
despite  the  problems  of  mechanical  stability,  reflections  from  tunnel  windows  and 
scattering  from  imperfect  optical  components. 

(ii)  Beam  shearing  interferometers  involve  a trade  otf  between  spatial  resolution  and 
sensitivity.  For  tunnels  of  relatively  small  si/e  and  low  operating  pressure  this  com- 
promise leads  to  results  of  low  accuracy  . It  appears  that  beam  shearing  interferometers 
would  only  be  really  attractive  for  tunnels  where  the  parameter  [tunnel  width  x 
stagnation  pressure]  exceeded  about  750  kPa  m. 

It  appears  that  none  of  the  schlieren  based  interferometer  designs  proposed  up  to  now  are 
entirely  suitable  for  the  majority  of  small  and  medium  si/e  w ind  tunnels.  This  view  is  supported 
by  the  fact  that  despite  over  10  years  development  there  docs  not  seem  to  be  any  published  aero- 
dynamic investigation  where  a laser  interferometer  based  on  a schlieren  system  has  been  used  to 
obtain  quantitative  measurements. 

4.  THE  NEW  INTERFEROMETER 
4.1  General  Description 

The  basic  arrangement  of  the  most  common  wind  tunnel  schlieren  system  is  presented  in 
Figure  I.  The  modifications  to  produce  the  proposed  interferometer  are  shown  schematically 
in  Figures  2 and  3.  A laser  with  a standard  microscope  objective-pin  hole  beam  expander  is 
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used  us  a light  source.  A lens  of  suitable  diameter  and  focal  length  (see  next  section)  is  intro- 
duced between  the  light  source  and  the  collimating  mirror  so  that  a portion  of  the  light  which 
would  otherwise  form  the  collimated  beam  through  the  test  section  is  brought  to  a focus  on  the 
tunnel  midplane.  The  lens  is  used  oil'  the  mirror  axis  so  that  the  focal  spot  is  displaced  away 
from  the  centre  of  the  field  of  view  where  the  model  would  be  located.  The  light  captured  bv 
the  lens  and  focused  on  the  tunnel  midplane  forms  the  reference  beam  and  the  light  not  obstructed 
by  the  lens  forms  the  test  beam.  By  selecting  a suitable  lens  it  can  be  arranged  that  approximately 
half  the  original  beam  is  unobstructed  and  that  most  of  the  remaining  light  is  captured  by  the 
lens  to  form  the  reference  beam  (lig.  2). 

At  the  receiving  end  of  the  system  (I  ig.  3)  another  lens  is  used  to  intercept  the  reference 
beam  and  form  a source  image  coincident  with  the  source  image  formed  by  the  test  beam.  A 
plane  mirror  with  its  leading  edge  adjacent  to  the  source  image  and  approximately  parallel  to 
the  focusing  mirror  centreline  is  used  to  fold  the  reference  beam  back  onto  the  scene  beam.  The 
angle  of  this  plane  mirror  is  adjusted  so  that  the  scene  and  reference  beams  are  superimposed  in 
the  test  section  image  plane.  The  angle  of  recombination  of  the  two  beams  and  hence  the  fringe 
spacing  in  the  region  of  overlap  is  dependent  on  the  distance  between  the  plane  mirror  and  the 
focusing  mirror  centreline.  As  this  distance  is  increased  the  fringe  spacing  is  reduced. 

When  the  tunnel  is  operating  the  source  images  formed  by  the  test  beam  and  to  a lesser 
extent  the  reference  beam  will  be  blurred  by  refraction  caused  by  density  gradients  in  the  flow. 
If  the  plane  mirror  is  placed  too  close  to  the  focusing  mirror  axis  its  leading  edge  will  cut  oil' some 
of  the  refracted  light  and  unwanted  schlieien  effects  will  appear  in  the  resulting  interferogram. 
l or  this  reason  the  proposed  interferometer  is  inherently  more  suited  to  the  production  of  tine 
finite  fringe  'nterferograms  than  near  infinite  fringe  interferograms. 

If  "no  flow"  and  “with  flow"  fine  finite  fringe  interferograms  are  superimposed  a new  set  of 
composite  moire  fringes  become  visible.  These  fringes  which  arc  analogous  to  those  observed 
in  an  infinite  fringe  interferogram  are  lines  of  constant  density.  This  superposition  technique 
has  the  major  advantage  that  disturbances  present  in  both  interferograms  are  cancelled  out. 
Therefore  mirrors,  lenses  and  tunnel  windows  of  low  quality  can  lie  used  without  affecting  the 
accuracy  of  the  final  composite  interferogram.  This  technique  has  been  used  in  the  past  w ith  non- 
laser interferometers7-11  but  in  these  cases  the  resolution  of  the  composite  fringes  was  poor  due 
to  the  limited  number  of  clear  fringes  in  the  original  interferograms  imposed  by  the  relatively 
large  spectral  bandwidth  of  the  source. !<  This  resolution  limitation  is  not  a problem  w ith  a laser 
light  source. 

fhe  reference  beam  geometry  employed,  with  a waist  at  the  tunnel  midplane.  has  the 
important  advantage  that  a first  order  concellation  occurs  of  density  gradients  across  the  beam. 
This  feature  can  be  illustrated  by  considering  a fairly  small  diameter  reference  beam  passing 
through  a locally  linearised  two  dimensional  density  field  (l  ig.  h).  Consider  a ray  within  the 
reference  beam  entering  the  tunnel  at  a point  n.  r i .The  co-ordinates  of  any  point  on  this  ray 
are  given  by : 


The  density  (>>)  at  any  point  near  the  reference  beam  axis  is  given  by : 

«’/>  , <V> 

P = Pa  + ' + - 

< v 

The  fringe  shift  (<vV)  due  to  the  density  field  is  given  by: 

t'b 

S,V  = K I dy 

J a 

where  K is  a constant  depending  on  the  wavelength  of  the  light  used. 
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It  is  evident  from  this  that  for  a small  but  finite  reference  beam  traversing  a two  dimensional 
density  field  with  linear  density  gradients  each  ray  in  the  beam  experiences  a constant  fringe 
shift.  Similar  but  less  complete  density  gradient  cancellation  occurs  for  symmetrical  three  dimen- 
sional density  fields  such  as  those  generated  by  unyawed  aircraft  models.  Although  no  detailed 
analysis  has  been  carried  out  it  appears  that  refraction  effects  should  be  no  worse  with  a waisted 
beam  than  with  a collimated  beam. 


4.2  Detail  Design 

The  operation  of  this  interferometer  depends  primarily  on  the  selection  and  location  of  the 
j two  lenses.  The  requirements  for  the  lenses  will  be  developed  considering  the  source  optics 

(reproduced  diagramatically  in  Figure  4 with  the  reference  beam  focusing  lens  on  the  mirror 
centreline  for  simplicity). 

The  parameters  to  be  determined  are: 

f 

h i = Focusing  lens  focal  length : 

</i  = Focusing  lens  diameter: 

t i = Distance  from  collimating  mirror  axis  to  focusing  lens  optica)  centre; 

( i = Distance  from  source  to  focusing  lens. 

The  known  parameters  are: 

Fm  = Collimating  mirror  focal  length: 

Fm  = Distance  from  collimating  mirror  to  tunnel  centreline: 

v = Distance  from  tunnel  centreline  to  reference  beam  waist. 

Other  parameters  that  will  be  used  during  derivation: 

I i = Distance  from  focusing  lens  to  virtual  image  of  source; 

( m Distance  from  collimating  mirror  to  virtual  image  of  source  formed  by  focusing 
j lens ; 

</m  = Diameter  of  reference  beam  at  collimating  mirror: 

</»  = Diameter  of  reference  beam  at  tunnel  sidewall. 

The  sign  convention  used  is  shown  in  Figure  4. 

Unfortunately  it  is  not  possible  to  derive  explicit  expressions  for  the  quantities  to  be  deter- 
mined but  relationships  to  assist  in  their  rational  selection  will  be  developed. 


Front  the  general  mirror  equation: 


From  Figure  4 it  can  he  seen  that 


Vx  - Ul  - Urn  --  / „ 


From  equations  (I),  (2)  ami  (.')  it  can  he  shown  that: 

i V’ t i in  A m)  4*  ( I A 

h=  ....  (4) 

Am' 

n.h.  When  using  this  equation  to  calculate  the  value  of  < i for  a given  h\  the  positive  root  is  the 
relevant  one. 

Front  Figure  4 it  can  he  seen  that: 

<An  = <A  ' (5) 


l 'sing  equations  (I)  and  (21  to  eliminate  the  unknowns  Cm  and  I i from  equation  (5)  we  obtain: 


‘An  - <A 


From  Figure  4: 


^ Ml  I m A I ~ ^ I 
I m - fm  t I A I 


<A,  <At 


Combining  equations  ((t)  and  (7)  we  obtain: 


*/*  <A 


A,  E/j 

21  |fl  I m — A m 


Since  the  rav  passing  through  the  optical  centre  of  the  lens  is  not  deflected,  the  reference  beam 
can  be  moved  away  from  the  tunnel  centreline  by  simply  moving  the  reference  beam  focusing 
lens  otV  the  mirror  centreline.  From  Figure  4 it  can  be  seen  that: 

Am 

V = V|  • (4) 

< t 

The  derivation  of  the  above  equations  was  carried  out  for  F„,  (which  is  the  case  for  most 

schlieren  systems).  If  I m /,„  the  reference  beam  focusing  lens  would  be  required  to  form  a 
real  image  of  the  source  beyond  the  collimating  mirror  and  I i and  Cm  would  change  sign. 
These  sign  changes  do  not  affect  any  of  the  above  equations  and  they  are  applicable  in  both 
e.is-s.  The  above  analysis  is  also  directly  applicable  to  the  receiving  end  optics. 

The  arrangement  giving  the  maximum  usable  interferogram  coverage,  and  hence  the  most 
desirable  arrangement  for  most  applications,  is  shown  in  Figure  5.  The  suggested  procedure  for 
achieving  this  desirable  arrangement  without  resorting  to  expensive  custom  made  lenses  is  as 
follows: 

(i ) Select  a mechanically  convenient  location  between  the  source  and  the  collimating  mirror 
to  mount  the  reference  beam  focusing  lens,  l o keep  the  lens  si/e  to  a readily  available 
value  the  beam  diameter  where  the  lens  is  inserted  should  be  in  the  range  20mm  to 
160mm. 

(ul  l 'sing  equation  (4)  calculate  the  lens  local  length  A\. 

(m)  From  a lens  suppliers  catalogue  select  a lens  with  a local  length  near  the  calculated 
value  and  a diameter  slightly  less  than  half  the  beam  diameter  at  the  desired  insertion 
point. 

(iv)  I'se  equations  (4).  (6)  and  (4)  with  the  actual  values  of  lens  diameter  and  local  length 
calculate  t'i,  <An  and  \|.  I 'sing  these  values  check  that  the  proportion  of  the  test  beam 
cut  oil'  by  the  lens  is  acceptable  and  that  the  reference  beam  dives  not  overlap  the  edge 
of  the  collimating  mirror. 

(v)  If  the  arrangement  is  unsatisfactory  select  another  lens  and  repeat  (iv). 

If  the  schlieren  system  is  symmetrical  about  the  tunnel  test  section  [i.e.  I (source  end) 

Fm  (receiving  end)]  identical  lenses  at  the  same  value  of  ( i (measured  from  the  source  image  at 
the  tecciving  end)  can  be  used  for  the  reference  beam  focusing  and  expanding  lenses.  If  the 


schlieren  sxsteni  is  not  s>  mnietric.il  about  the  tost  section.  as  is  the  ease  tor  the  ART  Iran  some 
tunnel  svstem  (f  ig  7).  the  folUxwmg  proeevl u re  is  suggested. 

(i>  Seleet  a suitable  reference  beam  focusing  lens  as  described  a boxe. 

tut  l sing  equation  (41  ealeulate  h\  lor  the  relerenee  beam  expanding  lens  assuming  the 
same  value  of  ( i as  lor  the  h reusing  lens. 

(ml  I rom  a catalogue  ol  standard  lenses  select  one  which  has  the  same  diameter  .is  the 
focusing  lens  and  a value  of  / , as  near  as  possible  to  that  calculated  in  step  (u). 
ti\ I l sing  the  selected  value  ol  / 1 ealeulate  l i and  vi  lor  the  beam  expanding  lens  from 
equations  (4)  and  (')) 

1 he  beam  folding  mirror  (I  ig  3 1 has  no  special  requirements  except  that  it  be  front  surfaced 
and  ol  adequate  si/e  tv'  reflect  the  complete  relerenee  beam  II  u were  more  convenient  the  lest 
beam  could  rqu.il!>  we:!  be  folded  onto  the  reference  beam. 

It  should  be  noted  that  since  the  reference  beam  area  is  less  than  the  lest  beam  area,  an 
interlerogram  covering  the  whole  test  beam  is  not  obtained  (I  ig  5).  However,  b\  adtusting  the 
angle  ol  the  beam  folding  mirror  and  the  lateral  position  of  the  beam  expanding  lens  the  reference 
beam  niav  be  superimposed  on  an>  desired  portion  of  the  test  beam 

4.3  Sumntarv  of  features 

I he  interferometer  design  described  here  has  the  following  significant  features 
til  1 he  conversion  ot  a standard  sehhcren  sxsteni  tv'  this  interferometer  arrangement 
involves  onl>  the  provision  of  a suitable  laser  light  source  (see  t>)  and  (>i)  below),  the 
removal  ol  the  knife  edge  and  the  addition  ol  iwo  lenses  and  a plane  mirror  I lie  optical 
qualitx  ot  these  added  components  is  not  critical, 
tut  I he  optical  arrangement  is  xer>  robust  and  no  difficulties  should  be  experienced  in 
using  high  power  continuous  lasers  or  Q switched  pulsed  lasers 
(ml  Since  the  test  and  relerenee  beams  tollow  verv  similar  paths  and  are  reflected  from  the 
same  collimating  and  focusing  mirrors  the  vibration  sensitixitx  should  be  low 
(i> ) Due  tv'  the  small  diameter  ol  the  reference  beam,  its  large  displacement  from  the  centre 
v'l  the  field  ot  view  and  the  densitv  gradient  cancellation,  it  should  be  possible  tv'  regard 
the  entire  reference  beam  as  being  subject  tv'  a constant  fringe  shift.  1 his  greatlv  simpli- 
fies the  analxsis  of  the  resulting  mterferograms. 

(x)  I he  path  lengths  v'l  the  test  and  reference  beams  are  verv  similar  and  no  difficulties 
should  be  experienced  with  fringe  contrast  provided  the  coherence  length  of  the  laser 
uscd  significantlx  exceeds  the  thickness  ot  the  reference  beam  focusing  and  expanding 
lenses  1 asers  with  verv  poor  temporal  coherence  max  require  the  use  of  a plane  glass 
plate  in  the  test  beam  to  compensate  lor  the  two  lenses  in  the  reference  beam. 

(xi)  Due  tx<  the  geometrx  v'l  the  beam  folding  used,  the  laser  output  onlx  requires  tv'  be 
coherent  oxer  slightlx  more  than  half  the  beam  diameter. 

I he  mam  disadvantage  of  the  proposed  arrangement  is  that  onlx  slightlx  less  than  half  of 
the  original  schlieren  beam  area  is  available.  In  main  cases  this  is  not  a serious  problem  since 
onlx  a portion  v'l  the  floxx  Held  is  v'l  interest  Hoxxexer.  it  necessarx  (xxo  separate  mterferograms 
with  the  model  upright  and  inverted  will  cover  almost  the  entire  field.  The  inabilux  of  the  pro- 
posed sxsteni  tv'  produce  a finite  fringe  interlerogram  with  initial!)  straight  fringes  max  also  be  a 
disadvantage  in  sonic  circumstances. 


5.  PROTO  rm  INS  I K 1 MINI 
5.1  Description 

A prototxpe  interferometer  xxas  constructed  using  the  transonic  tunnel  schlieren  sxsteni 
(fig  and  Appendix  \\  as  a basis  lotit  the  l>m\\  He  \e  laser  used  tor  these  tests  mix' the 
limited  space  between  the  plenum  chamber  and  the  return  leg  of  the  tunnel  the  source  optics 
had  tv'  be  slightlx  altered  (I  ig  S).  I he  beam  expanding  arrangement  shoxxn  m this  figure  was 
usexl  because  the  components  were  rcaditv  available  It  would  in  fact  have  been  preferable  tv' 
use  a higher  power  microscope  objective  and  dispense  with  the  concave  lens  follow  mg  the  pm  hole. 

\ pair  v'l  cemented  achromatic  doublets  bO  nun  diameter  and  480  mm  focal  length  were 
used  tor  the  reference  beam  focusing  and  expanding  lenses.  The  beam  folding  mirror 
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was  a 


from  Mlscred  piece  of  plate  glass  145  mm  wide  and  4N)  mm  long  Both  the  I •„ 

"crf  selected  because  of  their  availability  n,n  |w-  ,,,  . ,i  ' lenses  ami  the  mirror 

application  lo  facilitate  adjustment  of  the  sv  stem' the  I :n  '•  T'  "?  " "P“mum  lor  thl!> 
“plasticine"  (suitable  mult, -decree  ft-  M ^ *1,h  lumps  of 

- - >«'iv n iK'ii  ZS&jSJZZTgcrr  r, 

lens  is  shown  in  I igure  h I he  reference  beam  exn  mini-  " " * ' ^ rt,crenvC  bvusing 

fourth  plane  mirrors  ( Fig.  7,  fortunateK  ,n  a position  nhereitdul  n^h  ^‘"“’"i  a"d 

reference  beams  I he  use  of  , dent, cal  lenses  at  both  ends  oWhe  ! , , “T  "r 

arrangement  for  the  asymmetrical  system  (section  4 ^ resulte  ,n  ? !he  °p,,mu,n 
l'«hl  at  the  receiving  end  of  the  system  II,  ■ hit  K °ss  rck'rcnee  beam 

* — ed  to  redtid  t C c^t  ^nt^  ^ ™ ^ 

be  serious.  llse  L problem  did  not  appear  to 

*Tam*  •,,Kl  4'M  ASA  pa.tehroman'' u!cd  Kor  "n ^c-sTs.’' Th^cC  thC  ,n,er,’tfr‘'- 

sprmg  loaded  slit  shutter  located  „eir  ih-  I i • 1 be  exposure  was  set  with  a simple 

pli.i.i  .hum.,  I i.si.1 

exposures.  It  was  found  that  coo  I , . . ' f I"*1  >hutUr  Io  prevent  logging  between 

an  exposure  time  of  .UK)  ,.s  | |K-  cimer,  mn'h  ^ ^ dulnu‘ler  c°uld  be  obtained  at 

separate  support  which  simnlv  stLV  h n , M'""'  lwadcJ  shuUer  "ere  mounted  on  a 
supported  the  rest  of  the  optics  I his  w ,'s  f!u„  ( k °"^'Kk  lt’1'  'bock mounted  framework  which 

a"d  *rnng  loaded  shuttcr'ac  Jim,  ' ^ 
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Vdjuslnient  Procedure 


based  on  the  experience  gained  with  the  prototype  instrument  ih  ■ r n 
procedure  is  suggested  nstrument  the  following  setting  up 

(it  Select  suitable  optical  components  to  expand  the  I iser  k if 

s»t>  distribution  of*  h\er  bc*  ims  ,r  . k»  . , . v 1 K ^*aUNNl*1n  mien- 

- 



~ - - 

make  line  live  avis  (all  decrees  sf  iV--t  '*■  on  1 K tunnel  centreline  and 

further  lens  adiustments  If  ,h  ^trance  and  exit  windows,  if  not  carrv  out 

s , mxnc  „ shgh.lv  toi^t^de^r  *">  ^ «* 

calculated  b^h^m^  Z ‘htf  ,oca,ion 
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focusing  by  other  methods  are  frustrated  by  the  large  depth  of  field  caused  by  the  \ cry 
small  source  si/.e. 

(si)  Insert  the  beam  folding  mirror  (Fig.  3)  with  its  leading  edge  aligned  with  the  line  of  the 
astigmatic  source  image  which  is  parallel  to  the  mirror.  Adjust  the  angle  and  oll'sct  of 
the  mirror  to  produce  the  desired  fringe  spacing  and  overlap  between  the  two  beams.  If 
the  fringes  are  significantly  curved  they  can  be  centred  by  a small  transverse  movement 
of  the  reference  beam  expanding  lens. 


5.3  lest  Results 

The  interferometer  was  set  up  and  adjusted  as  described  in  sections  5.1  and  5.2.  A 101  -6  mm 
chord  model  of  supercritical  aerofoil  RGK-1®  which  completely  spanned  the  width  of  the  tunnel 
was  mounted  between  glass  windows.  The  interferogram  was  centred  on  the  upper  surface  of 
the  aerofoil  since  thi.  was  the  region  of  major  aerodynamic  interest. 

The  no  flow  fringes  were  found  to  have  significant  curvature.  This  curvature  was  reduced, 
as  the  fringe  spacing  was  reduced,  by  increasing  the  beam  folding  mirror  offset  (Figs  9,  10  and  1 1 ). 
The  total  number  of  fringes  across  the  intcrfcrogiams  illustrated  in  Figures  9,  |()  and  1 1 are  ItK). 
200  and  400  respectively.  Test  interferograms  with  up  to  1200  fringes  were  produced  but  beyond 
400  the  fringe  contrast  was  found  to  steadily  deteriorate.  The  400  fringe  interferograms  were 
produced  with  a beam  folding  mirror  offset  of  approximately  2 mm.  Since  this  offset  was  suf- 
ficient to  avoid  most  schlieren  cut  off  problems  it  was  used  for  all  further  tests.  The  dark  region 
near  the  leading  edge  in  the  with  flow  interferogram  of  Figure  1 1 is  due  to  vestiges  of  the 
schlieren  effect. 

lo  assess  the  mechanical  stability  of  the  system  a number  of  no-flow  interferograms  were 
recorded  and  supc;  imposed  in  pairs.  I his  superposition  produced  from  one  to  live  background 
fringes  coveting  he  field  (I  ig.  12).  An  unavoidable  uncertainty  of  about  live  fringes  across  the 
field  will  therefore  apply  to  all  superimposed  interferograms  due  to  mechanical  unsteadiness  of 
the  sv  ,i -m  these  background  moire  fringes  tended  to  be  predominantly  oriented  parallel  to  the 
initial  fringes  suggesting  that  they  were  caused  by  changes  in  the  initial  fringe  spacing  rather 
than  fringe  shape  or  tingle  In  Figure  12  the  sensitivity  of  the  interferogram  superposition  to 
angular  and  chordwise  misalignment  is  illustrated.  Moderate  misalignment  normal  to  the  chord 
did  not  produce  any  fringes.  I he  sensitivity  to  angular  misalignment  increases  with  decreasing 
fringe  spacing  while  the  sensitivity  to  chordwise  misalignment  increases  with  increasing  fringe 
curvature  (i.e.  increasing  fringe  spacing).  For  the  tests  reported  here  alignment  errors  were 
estimated  to  contribute  Icsn  than  one  fringe  over  the  whole  field. 

A number  of  composite  moire  fringe  interferograms  of  the  flow  over  the  upper  surface 
of  the  aerofoil  were  produced  (Figs  1.1  18)  Due  to  the  long  exposure  time  required  by  the  low 
power  laser  used,  fringe  blurring  occurred  in  unsteady  flow  regions.  The  interferograms  where 
the  fringe  legibility  was  insuflicien!  for  direct  photographic  reproduction  are  reproduced  in  the 
form  ol  fringe  tracings  (Figs  15  18)  Where  the  fringes  were  completely  illegible  in  the  original 
composite  interferogram  but  their  location  could  be  reasonable  inferred  they  are  shown  as 
broken  lines  I ocatn  ns  where  apparently  physically  unrealistic  fringe  discontinuitie  occur  are 
marked  with  a question  marks  li  is  considered  that  these  fringe  discont. unities  are  also  caused 
by  the  long  exposure  time  used. 

I he  interferograms  in  Figures  !.t  18  exhibit  good  qualitative  agreement  with  the  known 
nature  of  the  t1  "v  over  this  aerofoil  section,  lor  these  results  there  is  little  difliculty  in  inferring 
the  sign  of  the  density  change  between  adjacent  fringes  In  more  complex  flows  this  can  be 
determined  from  the  direction  of  fringe  movement  in  the  original  finite  fringe  “with  flow” 
interferogram  I or  example  in  the  "with  flow"  interlerog  am  of  Figure  II  the  fringes  are  dis- 
placed upwards  in  regions  of  reduced  density 

Since  an  experimental  surface  pressure  distribution  v as  available®  for  the  same  test  con- 
ditions as  the  interferogram  in  I igure  IP.  this  interferogra'  i was  selected  forquantitative  analysis. 
From  Reference  8 : 

/•  |(/vp  W„  r 
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where  /’  st .1 1 iv  ptessuie  .it  anv  point 
II  tunnel  stagnation  pressure 


! 


I\  reference  pressure 

/«  tunnel  stagnation  temperature 
/ tunnel  wnltli 

K gas  constant 

k kiladstone  l 'ale  constant 

\ wavelength  of  light  used 

) ratio  of  s|vectlic  heats 

N lunge  number  where  I'  is  required  t/\  is  ineasurcvl  on  fringe  zero) 

I wo  surface  pressures  were  measurevl  on  the  aerofoil  at  \ c 0 117  a ml  0 S'4  l Mug  these 
two  pressures  ami  the  total  nunthci  of  hinges  between  the  two  points  (the  mii face  pressuie 
being  known  to  v.uv  inonotonicallv  Ivtween  these  points)  the  value  of  the  constant  \KI, , Kill 
was  calculated  front  the  above  equation  I lus  procedure  avoided  the  errors  which  would  olhei 
wise  have  been  introduced  bv  the  sidewall  boumlarv  lasers 

I he  measured  pressure  at  v (■  0 117  was  defined  as  l’r  in  the  above  equation  which  was 

then  used  to  calculate  /’  at  each  intersection  Ivtween  a lunge  and  the  aerofoil  mii  lace  I he  result 
of  this  analvsis  is  presented  in  figure  I''  As  mentioned  prexiouslv  the  background  fringes 
caused  bv  vibration  were  predominant!)  parallel  to  the  aerofoil  surface  and  would  not  therefoic 
contribute  errors  to  the  above  analvsis 

Surface  pressure  measurements  for  the  same  conditions  ( M 0 7^  , 14)  from 

Reference  ')  are  plotted  m I igure  Id  lo  illustrate  the  sensitivilv  of  the  flow  to  small  changes  m 
Mach  numbet  a pressure  distribution  for  W 0-7M.  v I 4 is  also  plotted  Considenng 
the  extreme  sensitivilv  of  the  flow  ti'  Mach  mimhet  changes  I iguiv  Id  shows  good  agieement 
between  the  interferometric  and  pressure  measurement  data 


h.  COM  I I MON 

\ new  laser  mtei feromeier  based  on  a conventional  wind  tunnel  schheren  sv stem  has  been 
designeil  and  tested  I his  interferometer  design  has  the  following  favourable  features 

ti)  I he  optical  arrangement  is  vetv  simple  requiring  onlv  the  addition  of  a suitable  laser 
light  source,  two  lenses  and  a plane  mirror  to  a standard  schheren  svstem 
tu)  It  is  opticallv  robust  and  no  ditliculties  should  be  experienced  using  high  povvei  l'\\  or 
switched  lasers 

tin)  1 he  vibration  sensitivilv  is  low  since  the  scene  and  reference  beams  follow  similar  paths 
1 1 v ) I lie  design  imposes  onlv  moderate  requirements  on  the  temporal  and  spatial  coherence 
of  the  laser  used 

( v ) I he  reference  beam  is  of  small  diametei  and  passes  through  the  test  section  at  a point 
well  removed  from  the  model  location.  I lus  feature  groat  I v assists  the  analvsis  of  the 
intei  ferogr. mix 

(vi)  I he  mterferograms  produced  are  well  suited  to  the  superposition  technique  of  cancelling 
optical  svstem  imperfections 

I he  main  disadvantage  of  the  design  is  that  slightlv  less  than  half  of  the  total  field  of  v ievv 
is  available  However,  the  whole  field  max  be  covered  bv  taking  multiple  inieiferogiams  1 he 
inabilitv  of  this  interferometer  to  produce  a finite  fringe  iuterferogram  with  uutiallv  straight 
fringes  max  also  he  a disadvantage  in  some  circumstances 

Ihe  ARI  transonic  wind  tunnel  schheren  svstem  used  lot  the  prototvpe  tests  lias  an 
unusuallv  large  number  of  beam  folding  mirrors,  tour  schheren  qualitv  glass  windows  in  the 
test  beam  and  relalixelv  low  mechanical  rignhtv  due  to  the  separate  mounting  of  the  source 
and  receiving  optics  assemblies 

All  of  these  characteristics,  while  perfectlv  satisfacloiv  foi  I lie  onginal  puipose  of  the 
svstem.  mitigate  against  the  successful  realisation  of  the  mteiferomeiet  Ihe  tact  that  good 
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quality  intcrferograms  were  obtained  from  the  prototype  suggests  that  this  interferometer 
arrangement  could  be  used  successfully  with  many  existing  wind  tunnel  schlieren  systems. 
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Am.NDIX  A 

Description  of  Transonic  funnel  Sehlieren  System 

I ho  ARl.  transonic  tunnel  is  .1  conventional  continuous  dosed  circuit  facility.  I he  test 
section,  which  is  5AA  nun  wide  and  81 A mm  high,  is  surrounded  b>  a 2 *>4  m diameter  pressure 
shell.  I he  tunnel  Mach  number  range  is  0 s to  I 4 I he  maximum  stagnation  pressure  (which  is 
limited  by  the  a lilable  drive  power)  varies  from  100  kPa  for  Mach  numbers  up  to  O p to 
2.UPu  at  A/  =14 

• he  tunnel  is  equipped  with  a permanently  installed  406  mm  aperture  sehlieren  system,  a 
scale  drawing  of  which  is  presented  in  f igure  7.  Due  to  the  limited  space  available  between  the 
test  section  pressure  shell  and  the  return  leg  of  the  tunnel  the  optical  path  of  the  source  end 
optics  is  folded  w ith  a pair  of  plane  mirrors  Similarly,  to  save  space  in  the  tunnel  control  room, 
the  receiving  optics  also  employ  a folded  configuration.  All  the  mirrors  are  front  aluminized  and 
all  except  the  two  406  mm  diameter  spherical  mirrors  are  quartz  coated.  The  two  test  section 
windows  and  the  two  pressure  shell  windows  have  surfaces  which  are  flat  to  within  0 025  A mm 
(where  A 540  nm  for  sodium  light)  and  parallel  to  within  5 minutes.  None  of  the  window 
surfaces  is  anti-reflection  coated  I he  source  and  receiving  optics  assemblies  are  mounted  on 
separate  tubular  steel  frames  fitted  with  soft  rubber  shock  mounts  which  rest  on  the  concrete 
floor  slab  I he  natural  vibration  frequencies  of  the  two  optics  assemblies  appear  to  be  less  than 
10  Hz.  I he  relative  displacements  between  the  two  optics  assemblies  due  to  vibration  during 
tunnel  operation  have  not  been  accurately  measured  but  are  believed  lo  be  of  Ihc  order  of  0 2 mm 
horizontally  and  somewhat  less  vertically. 
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Test*  on  Murty-Tanncr  Interferometer 


The  transonic  tunnel  schlicren  system  was  converted  to  a Murty  Tanner  beam  shearing 
interferometer  (Tig.  20)  as  follows 

The  original  light  source  was  replaced  with  a 15  m\V  continuous  He  Ne  gas  laser,  the  out- 
put beam  of  which  was  expanded  using  a microscope  objective  and  pm  hole  spatial  tiller.  The 
knife  edge  was  removed  and  a glass  plate  approximately  20  mm  diameter  and  2 mm  thick  was 
introduced  just  past  the  knife  edge  location,  inclined  at  approximately  45  to  the  incident  beam. 
The  front  and  rear  reflections  from  the  glass  plate  were  focused  to  produce  two  slightly  displaced 
images  on  the  fltm  plane  of  a camera. 

On  completion  of  the  set  up  clear  interference  fringes  of  high  contrast  were  immediately 
obtained.  Previous  laboratory  tests  carried  out  at  ART1"  had  shown  that  the  shear  distance 
and  the  fringe  spacing  could  be  varied  independently  by  using  slightly  non-parallel  glass  reflec- 
tion plates.  A plate  was  selected  which  gave  a shear  distance  of  approximately  4 mm  and  a 
convenient  initial  fringe  spacing  ('  240  fringes  across  the  field  of  view).  A two  dimensional 
aerofoil  model  completely  spanning  the  width  of  the  tunnel  was  used  for  these  tests.  An  exposure 
time  of  I m sec  (the  fastest  shutter  speed  available)  was  found  to  give  a good  exposure  with  an 
image  approximately  50  mm  diameter  on  400  ASA  panchromatic  film  In  f igure  21  “with 
flow"  and  "no  flow"  interferograms  are  presented  with  the  shear  parallel  to  the  aerofoil  chord 
giving  fringe  shifts  proportional  to  chordwi'C  density  gradients 

from  f igure  21  it  can  be  seen  that  the  "no  flow"  interferogram  has  fringes  of  high  contrast 
with  relatively  little  background  noise.  This  indicates  that  scattering  from  the  large  numbei  of 
mirror  surfaces  in  the  transonic  tunnel  schlicren  system  and  multiple  reflections  from  the  four 
windows  m the  beam  does  not  prevent  the  formation  of  good  quality  laser  interferograms.  I he 
fringes  in  the  "with  flow"  interferogram  are  somewhat  patchy  due  to  flow  unsteadiness  and  the 
relatively  long  exposure  time  used.  However,  the  fact  that  good  fringes  arc  obtained  in  regions 
where  steady  flow  would  be  expected  (e  g.  upstream  of  the  model)  indicates  that  the  mechanical 
stability  of  the  arrangement  was  adequate. 

An  attempt  to  quantitatively  analyse  the  interferograms  of  figure  21  showed  that  away  from 
the  leading  edge  region  the  fringe  shifts  were  too  small  to  be  accurately  measured.  This  low 
accuracy  density  gradient  information  led  to  gross  inaccuracies  in  the  resulting  integrated 
density  and  pressure  data  Increasing  the  beam  shear  increased  the  fringe  shifts  but  the  analysis 
became  unacceptably  complicated  because  the  fringe  shifts  could  no  longer  simply  be  regarded 
as  being  caused  by  local  density  gradients.  On  the  basis  of  experience  gamed  during  the  current 
tests  it  appears  that  beam  shearing  interferometers  would  only  ho  really  useful  on  large  high 
pressure  tunnels,  i.e.  the  parameter  (model  si/e  x tunnel  pressure!  more  than  an  order  of 
magnitude  larger. 


FIG.  1 ARRANGEMENT  OF  BASIC  SCHLIEREN  SYSTEM 


FIG.  2 ARRANGEMENT  OF  INTERFEROMETER  (Source  end) 
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FIG.  4 GEOMETRY  OF  SOURCE  OPTICS  OF  INTERFEROMETER 
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DETAILS  OF  TRANSONIC  TUNNEL  SCHLIEREN  SYSTEM 


DETAILS  OF  SOURCE  END  OF  PROTOTYPE  INTERFEROMETER 


FIG.  14  COMPOSITE  INTERFEROGRAM  OF  UPPER  SURFACE  F 


FIG.  19  PRESSURE  DISTRIBUTION  ON  UPPER  SURFACE  OF  SUPERCRITICAL  AEROFOIL  BGK- 
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